Abstract This paper investigates the problem of target position estimation with a single-observer passive coherent location (PCL) system. An approach that combines angle with time difference of arrival (ATDOA) is used to estimate the location of a target. Compared with the TDOA-only method which needs two steps, the proposed method estimates the target position more directly. The constrained total least squares (CTLS) technique is applied in this approach. It achieves the Cramer-Rao lower bound (CRLB) when the parameter measurements are subject to small Gaussian-distributed errors. Performance analysis and the CRLB of this approach are also studied. Theory verifies that the ATDOA method gets a lower CRLB than the TDOA-only method with the same TDOA measuring error. It can also be seen that the position of the target affects estimating precision. At the same time, the locations of transmitters affect the precision and its gradient direction. Compared with the TDOA, the ATDOA method can obtain more precise target position estimation. Furthermore, the proposed method accomplishes target position estimation with a single transmitter, while the TDOA-only method needs at least four transmitters to get the target position. Furthermore, the transmitters' position errors also affect precision of estimation regularly. 
Introduction
Passive coherent location has been discussed repeatedly over the last decade in the aerospace and electronic systems community.
During the last few years, both experimental systems and technological demonstrators have been developed by research institutions, universities, and industries. 1 Compared with conventional mono-static radar, passive coherent location (PCL) systems have various advantages, including smaller size, no additional demand on spectrum resource, immunity to electronic countermeasures (ECMs), and potential capability of detecting 'stealth' targets because of bistatic geometry and lower operating frequency. In recently years, different types of illuminators have been widely used, ranging from analog FM-radio, 2, 3 analog TV over digital broadcasters, 4 digital audio broadcast (DAB), 5 digital video broadcast-terrestrial (DVB-T), 6 to cell-phone base stations, 7 and Wi-Fi transmitters are also considered. 8 A variety of localization techniques have been proposed for passive coherent radar, which differ in the type of information and system parameters used. The received signal strength (RSS), 9 angle/direction of arrival (DOA), 10 and signal propagation time 11 are applied in PCL systems representatively. RSS algorithms use the received signal power for object positioning, but the accuracy is limited by the fading of wireless signals. 9 DOA algorithms require several observers, which can't be exploited with single-observer passive location. 12 Propagation-time-based algorithms estimate an object's position by using the time when a signal travels from a transmitter via the target to an observer and from the transmitter to the observer. Combined with high-precision timing measurement techniques, those algorithms can achieve target positioning accurately. However, the variance of location estimation would be large, if the time difference of arrival (TDOA) measurement is not accurate. Propagation-time-based algorithms need two steps to estimate the location of a target. Firstly, assume the four elements, x; y; z;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi x 2 þ y 2 þ z 2 p , are independent of each other, and then obtain temporary results for the target location based on the assumption. Secondly, remove the assumption, and then update the estimation results. 13 To fill this gap, a novel method that combining angle with TDOA (ATDOA) measurement is presented. In the paper, we are interested in the single-observer and multi-transmitter passive location model. A joint TDOA with angle measurement position finding method is used to locate the emitter's position with multiple observers, which can get more precise emitter position estimation than TDOA-only methods and DOA-only methods.
14 Unfortunately, because of the difference of models, the algorithm in Ref.
14 can't be used in this paper. On the other hand, the exploitation of TDOA and DOA measurements is a good way to enhance the estimating precision.
There are several key contributions in this paper. The first one is that a novel method combining angle with TDOA for passive location estimation is proposed. Then the constrained total least squares (CTLS) algorithm is used to obtain a target's position. Furthermore, Cramer-Rao lower bounds (CRLB) of TDOA-and ATDOA-based position finding methods are analyzed. Theoretical results reveal that the CRLB of ATDOA is lower than that of TDOA on typical situations, and geometrical dilution of precision (GDOP) figures show that the position of the target affects estimating precision, and the locations of transmitters affect the precision and its gradient direction. Finally, simulations show that, compared with the TDOA-only method, the ATDOA method estimates the target position more precisely and needs fewer transmitters.
The subsequent part can be divided into four subchapters. Specifically, Section 2 presents the architecture of a target location estimation system. Section 3 derives the estimation of target locations with the CTLS algorithm, followed by the performance and CRLB analysis of ATDOA algorithms in Section 4. Section 5 displays the simulation results.
Architecture of localization system
In this section, the system of individual target localization with a single observer and multiple transmitters is focused on.
In the PCL radar system considered here, N transmitters are used to transmit signals, one observer with one surveillance antenna is used to obtain the echo signals, and one reference antenna is used to receive the direct signals transmitted by opportunistic illuminators. 15 Compared with a traditional PCL radar system which has many receivers, the single-observer PCL system location has the merits of having less equipment and lower cost. 16 The 3-D passive location estimation model is illustrated in Fig. 1 .
It should be noted that the multipath in Fig. 1 , though annoying, is also an important signal path. The effect of the multipath on the reference channel has been analyzed in Ref. 17 , where possible algorithms for its removal have been presented. In PCL radar, because the weak target echo is usually embedded in strong ground clutter and the direct signal, clutter suppression algorithms such as those proposed in Ref. 18 should be used. Suppose that the target locates at [x,y,z]. Without loss of generality, let the location of the observer be [0,0,0] and the locations of transmitters be [x k ,y k ,z k ](k = 1, 2,. . . , N). The transmitters transmit a signal, and the observer subsequently receives direct and reflected signals from the target. Let the TDOA (the time difference between the signal from the kth transmitter via the target to the observer and the signal from the kth transmitter to the observer directly) be s k , and then
where c = 3 · 10 8 m/s is the propagation velocity of electromagnetic wave. The definition of the TDOA in this paper is different from that in Ref. 13 , in which the TDOA means the time difference between signals from an emitter to two observers.
For further use, define
p . Substitute R and r k into Eq. (1), which can be simplified as
h and u represent azimuth and elevation of the echo signal from the target to the observer, respectively. They can be Fig. 1 Illustration of the ATDOA-based location estimation system model. figured out through the relationship between [x,y,z] and h, u as follows:
3. Constraint total least squares method of passive localization
In this section, the equations for the passive location system are set up firstly. Then the least squares (LS) algorithm, total least squares (TLS), and CTLS are used to solve the equations. Finally, Newton's method is applied in CTLS to find the position of the target.
Equations of passive location
The LS algorithm has been used to fit lines to points in a plane and hyper planes to points in higher-dimensional spaces. Given a data vector b and a data matrix H, then seek to solve the over-determined system of equations HX = b. Assume that in the absence of noise this system is consistent, however, this is not so when noise is present in H and b. Then the LS solution is obtained by min X iHX À bi, where ii is the 2-norm.
T is the location of a target, X can be solved with the LS algorithm. In this paper, TDOA and angle measurements are used to structure H and b.
Linearize Eqs. (3) and (4),
Move R + r k to the other side, and then substitute Eq. (2) into Eq. (6),
Adding Eqs. (2)- (7), we can get
Substitute Eq. (4) into Eq. (8), then
Based on Eqs. (5) and (9) respectively, the equation of the estimation model is expressed as 
CTLS for location estimation
If there is no noise in H and the noise in b is zero mean Gaussian, the LS solution b X LS is identical to the maximum-likelihood 19 , and the solution is
where b X LS denotes the estimated value of X LS . However, when H is also noisy, X LS is no longer optimal from a statistical point of view and it suffers from bias and increased covariance due to the accumulation of noise in H T H. 20 
where DH = [F 1 n,F 2 n,F 3 n], Db = F 4 n, and
where H ji is the jth row and ith column element of H. F 1 ,F 2 ,F 3 ,F 4 can be got from Eqs. (15) and (16) as
; 
In order to correct for noise present in H and b, the TLS solution is obtained by perturbing H and b while simultaneously keeping the sum of the norms squares of the perturbation at a minimum. Formally, X TLS is derived from min 
In several instances, the noise component DH b may be algebraically related, i.e., linearly dependent. Then, the TLS solution may no longer yield optimal statistical estimation.
Let DH b be written in terms of its columns as DH b ¼ ½Dh b 1 ; Dh b 2 ; Dh b 3 ; Dh b 4 , and let n ¼ ½n h ; n u ; n s 1 ; n s 2 ; . . . ; n sN be the minimal algebraic set of linearly independent random variables so that
If n is not a white random vector, we can perform whitening by an appropriate transformation. Suppose R = E(nn T ) = PP T (its Cholesky factorization), and then we define u as
so that u is now a white noise vector. Dh bi can be expressed as 
The objective function can also be obtained by the maximum likelihood (ML) algorithm, as shown in Appendix. According to the theorem from Ref. 20 , the CTLS solution can be obtained by finding X that minimizes the function
where W X = xG 1 + yG 2 + zG 3 À G 4 and W y X is the pseudo inverse of W X .
It is difficult to obtain the minimum of F(X) in analytic means, so Newton's method is used in this paper. The second-order Taylor formula of F(X) is written here as
where X 0 is the initial value of Taylor formula, and o(X À X 0 ) 2 donates the high order term of (X À X 0 ) 2 . Let oF(X)/oX = 0, and the Newton's method formula can be obtained, i.e.,
@F
T ðXÞ
Ignoring the higher-order term, then X can be solved as
which is the Newton's method formula, where A ¼ @FðXÞ @X ¼ @FðXÞ @x ; @FðXÞ @y ; @FðXÞ @z
where
The process of calculation can be found in Appendix.
Performance analysis and CRLB of this model

Performance analysis
First-order perturbation analysis is implemented to derive the bias and covariance of the CTLS solution. From this perturbation, the approximate mean square error (MSE) solution of the CTLS can be calculated.
Assuming that the noise in H b is zero, it is easy to get a consistent solution,
According to Eq. (A8) in Appendix, ignoring the higher-order terms in DX and DH b , we obtain
and then we can get
The covariance of DX is equal to
It follows from Eq. (22) that
Substituting this result into Eq. (33), the covariance matrix can be achieved
CRLB of this model
In this part, the CRLB of the ATDOA method is the key point. The localization error CRLB of the ATDOA method is a function of error variances of TDOA and angle measurements, and this CRLB is different from the localization errors in radars whose localization error is a function of signal noise ratio (SNR) and waveform. 22 The CRLB is related to the 3 · 3 Fisher information matrix (FIM). According to Eq. (12) , assuming that h = [h, u,s 1 ,s 2 , -. . . ,s N ] is the measurement vector, n is the error vector of measurements. Each variable of n is zero mean Gaussiandistributed, and P n ¼ diag r is the covariance matrix of n. Thus, the probability density function (PDF) of h with given X is pðh; XÞ ¼ 1
Then @ ln pðh;
Therefore, the components of the FIM are defined as follows 
According to h(X), the first-order derivative is
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The CLRB represents the lower bound for the MSE of the ATDOA method, and the relationship between the CRLB and the variance can be expressed as E½ðx À xÞ 2 þ ðŷ À yÞ 2 þ ðẑ À zÞ 2 P trðJ À1 Þ ð 49Þ wherex;ŷ;ẑ are the estimated values of x,y,z respectively.
Simulation
Trying to use multiple transmitters with the ATDOA and TDOA-only methods to estimate the target position is the aim of the following section. The CRLBs of the TDOA-only 23 and ATDOA methods are compared in Fig. 2 . Then the performance analysis of the ATDOA with CTLS algorithm is also indicated in Fig. 3 . Furthermore, to verify the theoretical analysis in this paper, three different system configurations are simulated. Figs. 4-7 show the effects of TDOA, DOA error, the number of transmitters, and transmitters' position errors on target position estimation precision, respectively. Locations of transmitters are given in Table 1 .
The observer is at [0, 0, 0] for all tests. Six transmitters are used in the posterior simulation and the transmitter positions are listed in Table 1 . In each test, 5000 trials are simulated and the estimation variances are compared to the CRLB. The target locates at [10000, 10000, 10000] m. The measurements of DOA and TDOA are assumed to be disturbed by independent Gaussian noise. We set the standard deviations of DOA errors between 0.5°-10°according to Ref. [24] . Assume that the azimuth and elevation have same error variances. It can be found that the TDOA accuracy of an FM signal ranges between 50 ns and 150 ns 25 . In order to observe the performance of the method in this paper, the standard deviation of DOA measurement is considered as 1 ns-1000 ns.
CRLB of PCL system
Four transmitters, Tr 1 -Tr 4, are taken into account in the location estimation system here. In Fig. 2(a) , the effect of the TDOA measurement error on the CRLB of the target position finding system is analyzed. The error standard deviation of angle measurement is 1°and the TDOA errors are 1 ns $ Fig. 2 CRLBs of the proposed method and the TDOA-only method. 1000 ns. The TDOA-only method is the TSE method explained in Ref. 13 . And the target locates at [10000, 10000, 10000] m. In this figure, the CRLB is shown as a function of the error standard deviations of TDOA and DOA measurements, which can be seen in Eq. (49). As shown in this paper, the CRLB of the proposed method approximately equals to that of the TDOA-only method when r s < 100 ns. Whereas, the CRLB of the proposed method is lower than that of the TDOA-only method when r s > 100 ns. In Fig. 2(b) , the effect of the DOA measurement error on the CRLB of the target position finding system is analyzed. The error standard deviation of DOA measurement is 0.5°-10°, the TDOA error is 100 ns, and the target locates at [10000, 10000, 10000] m. Here, the locations of the transmitters and the target are the same as in the previous figure. The figure shows that the CRLB of the proposed method is always lower than that of the TDOA-only method when the TDOA errors are the same. The smaller the DOA error is, the lower the CRLB of the proposed method is. Meanwhile, the CRLB is close to that of the TDOA-only method when r h > 5°and almost equals to that of the TDOA-only method when r h = 10°.
Performance of ATDOA method
Target position is also an important factor affecting PCL precision, because it is related to the bistatic ambiguity function of PLC systems and can have a significant effect on resulting range resolutions. The GDOP is used to analyze their location precision, which is defined as
where r 2 x ; r 2 y ; r
the GDOP of the ATDOA method can be expressed as
Here again, four transmitters, Tr 1 $ Tr 4, are used to find the target position. In Fig. 3 , the effect of the target location on the GDOP of the ATDOA method is analyzed. In those figures, the error covariance matrix is shown as functions of the target coordinates, x-axis, y-axis and z-axis. In order to figure the result, z-axis is considered as a constant. The error standard deviations of DOA and TDOA equal to 1°and 100 ns, respectively. In Fig. 3(a) , the target locates at a 1000 m high position, while it is 10000 m in Fig. 3(b) . Comparing these two figures, two conclusions can be summarized.
When the plane coordinate (x, y) of the target are the same, the higher the target position, the smaller the target position estimation error and the influence of the emitter location in target position estimation.
From the receiver to the transmitter is the direction where the target position estimation error increases quickly.
Target position finding simulation
The CRLB and GDOP of the ATDOA method are analyzed in Sections 5.1 and 5.2. In this part, the ATDOA method is used to estimate the target position, and the results are figured out. Fig. 4 shows the effect of the error standard deviation of TDOA. The LS and CTLS algorithms are used to solve the ATDOA method, and the TSE algorithm in Ref. 13 works out the target position with the TDOA-only method. The CRLB of the ATDOA method is also compared with previous results. In this figure, the error standard deviation of DOA is a constant r With the CTLS algorithm applied to estimate the target position of the ATDOA system, the MSE of x-axis and y-axis are close to the CRLB, but it is only so in z-axis when r s > 100 ns. While r s < 100 ns, the MSE of z-axis is not close to the CRLB and almost the same. In other words, if r h /r s is big, z-axis of the target position has a big error. We can find that the first column of the matrix, F 3 , has N elements which are all the same. Therefore, if r h /r s is big, the error of z-axis can't be dealt well, so the MSE is not close to the CRLB. The MSE of target position estimation with the LS are always larger than those with the CTLS, and with decreasing of the TDOA error, they are almost the same. The ATDOA method gets more precise target position than the TDOA-only method.
The effect of the error standard deviation of DOA is revealed in Fig. 5 . All conditions are the same as in Fig. 4 except that the error standard deviation of TDOA is a constant r s = 100 ns and the error standard deviations of DOA are from 0.5°to 10°. From the figure, it can be concluded that:
When DOA has a small error, the MSE of the target position are close to the CRLB. They are higher than the CRLB while DOA has a large error. The ATDOA method does not always get more precise target position than the TDOA-only method, only when r h < 2.7°in x-axis and y-axis and when r h < 3.4°in z-axis. The ATDOA system with the LS algorithm can estimate the target position, but has low precision. Fig. 6 shows the effect on position estimation precision of the number of transmitters. In this figure, both the error standard deviations of TDOA and DOA are constant, r h = 1°, r s = 100 ns. The number of transmitters changes from 1 to 6. Tr 1 is used when the system has only one transmitter, and Tr 1 -Tr 6 are all applied when it have six transmitters. Fig. 6 can conclude that:
The ATDOA system can estimate the target 3D position when it has only one transmitter, while the TDOA-only system, at least, has four transmitters with the TSE algorithm. With the increasing of the number of transmitters, the ATDOA system gets lower CRLB and more precise target position. When the number of transmitters is more than three, the MSE of the ATDOA system with the CTLS can be close to the CRLBs in x-axis and y-axis, while that in z-axis is always larger than the CRLB.
The effect on position estimation precise of the transmitters' position errors is showed in Fig. 7 . The error standard deviations of TDOA and DOA are constant as in Fig. 6 . Assume that the transmitters' position errors are same in all transmitters and the same in all axes. According to Ref. 26 , the positioning accuracy of global position system (GPS) is less than 10 m.
In order to research the relationship between target estimation accuracy and the transmitters' position errors, À100 m-100 m are considered. Tr 1 -Tr 4 are applied in this simulation. From the figure, we can conclude that:
When the transmitters have position errors, the mean of target position estimation deviates from its mean with no transmitters' position errors. When the transmitters' position errors are smaller than zero, the mean of target position estimation is smaller than the mean with no transmitters' errors in x-axis and y-axis, but it is adverse in z-axis. Compared with the transmitters' position errors smaller than zero, it is adverse when the transmitters' position errors are larger than zero. When the transmitters' position errors deviate from zero, the target position estimation MSE fluctuate around the target error variance with no transmitters' position errors. However, in a word, the target position estimation MSE with smaller than zero transmitters' position errors is smaller than that when the transmitters' position errors are larger than zero.
Conclusions
(1) This paper reveals that the CRLB of the ATDOA method is lower than that of the TDOA while the TDOA has a large measurement error. where 'arg' denotes to obtain X when p(h,X) gets the maximum value. Therefore, the objective function is Because h À h(X) = n, P n = E(nn T ) = PP T , and P
